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Orbital Dependent Superconductivity in SrRuQy4
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We show that for superconducting,8uQ, any unconventional pairing in the part of the Fermi
surface with Rudd,, orbital character is weakly coupled to that with Ru,.,4d,.} orbital character.
This naturally gives rise to two disparate energy scales in the superconducting state which leads to
novel low temperature properties in a variety of thermodynamic and transport properties and which
would also account for the large residual density of states seen in specific heat and nuclear quadrapole
resonance measurements. [S0031-9007(97)03076-7]

PACS numbers: 74.20.Mn, 71.27.+a, 74.25.Bt

SrRuQ, provides the first example of a layered per-ing amplitude between these two classes of bands will be
ovskite material that exhibits superconductivity without thesignificantly smaller than the intraclass pair scattering am-
presence of copper [1]. Even though there is a close struglitude for any unconventional superconducting order pa-
tural similarity with the highT,. materials, the electronic rameters. It can therefore be expected that the gap on
properties are very different. While itis clear that electronbands from one class is substantially smaller than that
correlation effects are important in,®uQ,, the normal on bands from the other class. The presence of essen-
state near the superconducting transition is well describetially gapless excitations for temperatures greater than the
by a quasi-2D Landau-Fermi liquid (e.qg., the resistivity insmaller gap will appear as a residual density of states.
all directions follows &' behavior forT < 50 K and the  Also, the two classes may favor different superconduct-
resistivity along and perpendicular to thexis differ by a ing symmetries in which case a second superconducting
factor of 850 [1]). Quantum oscillations show three Fermitransition will appear at low temperatures.
surface sheets with a 2D topology that agrees well with Band structure calculations [9,10] give the correct shape
band structure calculations [2]. It has been pointed out [3pf the Fermi surface, but predict an effective mass that is a
that the mass enhancement is similar to thaéte and that ~ factor of 4 smaller than that observed, indicating that strong
there is a metallic ferromagnetic phase in SrR{) (the  coupling effects are important [2]. These calculations
3D analog of SfRuQ;). These observations indicate that reveal that the density of states near the Fermi surface are
an odd-parity { = 1) superconducting state is likely [3]. due mainly to the four Rdd electrons in the,, orbitals.
This is consistent with the lack of a Hebel-Slichter peakThere is a strong hybridization of these orbitals with the
in 1/T; in nuclear quadrapole resonance (NQR) measured 2p orbitals giving rise to antibonding-* bands. The
ments [5]. Aweak coupling analysis of the odd-parity stateresulting bands have three quasi-2D Fermi surface sheets
implies the gap should be of constant magnitude [3]. It idabeleda, 8, andy (see Ref. [2]). The highly anisotropic
therefore surprising that specific heat [6] and NQR meanature of the Fermi liquid and the superconducting states
surements [5] reveal that approximately 0.6 of the normasuggests that the superconductivity essentially arises from
density of states remain in the superconducting phase imtraplanar interactions, so we consider a single RuO
clean samples (those in which quantum oscillations werglane. The Hamiltonian describing the band structure of a
observed). As a consequence it has been proposed thaane is
an exotic nonunitary superconducting state similar to the
3He A, phase is stabilized [7,8]. In this scheme, the nor-
mal state quasiparticle energy spontaneously splits into two H = Z ty(R; — R.,-)c;r,i,scy/,.,-,s, 1)
branches (one for spin up and one for spin down) upon en- CRIENES
tering the superconducting state. One of these branches is
gapped while the other is not, leading to a residual densityherec, ; ; destroys an electron with spirin the Wannier
of states that is half the normal density of states. function centered aR; that transforms as the Ruorbital

Here we propose an alternative explanation for the largér = {xy, xz, yz}). Because of the, reflection symmetry
residual density of states. The electronic properties neabout the center of the Ru@laner,, . (R) = 1, ,.(R) =
the Fermi surface of 3RuQ, are determined by Wannier 0. This implies that they sheet of the Fermi surface can
functions with Rud,,, d,, andd, orbital character [9,10]. be attributed solely to they Wannier functions while the
We show that the quasi-2D nature of the electronic dispere and 8 sheets are due to a hybridization of the, yz}
sion implies that the bands are derived from eithersthe Wannier functions. An effective Hamiltonian to describe
or the{xz, yz} Wannier functions and that the pair scatter-the superconductivity is
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wherea; x ; corresponds to the eigenoperators of Eqg. (1) and
Vip(k, k') = f Frd’r’ Y MRITRIGI (e — R = Rp)U (e, r)e™ R RIG (e — R,)bi(r = Ry),

Jjsjn.n'
3)

whereU(r,r’) is an effective interaction and the spatial extent of the Wannier functions along dRis restricts the
integrations along andz’ to lie near the Ru@plane. For the matrix elemenis, , andV, g the symmetry of the
Wannier functions undesr, can be exploited to write

4U(r ,z;x' 2"y =20, z;x',2)) — Uley, —zx' ) — Ulr,zor', —2). 4)

The z dependence of they Wannier functions limits thel use a weak coupling approach and in accordance with
integrations along the direction in theV, , andV, s  the above considerations takg;(k,k’) = U;;k - k'/
matrix elements to a distance on the ordel/af[11] where  ((k2);(k2);)"/2, where(k?); is the average of? on sheet

[ is the distance between two neighboring Ru ions. Asand

a consequence, the lowest order term in a Taylor series

expansion of Eq. (4) in/|r.| andz//|r' | will give the Uyy Upm  Up
largest contribution td/, , andV, g for all but the on- U=|unw u u |, (5)
site portion R; = R; = R,, = R,») in Eq. (3). The Up U U

lowest nonzero term is of second order in this expansion.

Since the on-site contribution is independenkoédndk’  where the matrixy operates on a basis with components
it does not contribute to the effective coupling constanthat correspond to the Fermi surface sheets, 3, respec-
for any unconventional gap functions. It is thereforetively. Introducing the gap matrix

expected that the pair scattering amplitude between the

y sheet and thefa, B} sheets is significantly smaller Ass (LK) = D Vip(k,KF, (1K), (6)
than the intrasheet pair scattering amplitude (see Fig. 1). Kl

Furthermore, since the Wannier functions forming the two ) )
classes of bands are of different symmetry, the intrashedfNere £s,s. (1, K) = (aixs, a1 -k 5,) gives rise to a mean
pair scattering amplitudes will in general be different. We!1€!d Hamiltonian that is diagonal in the band index. For
assume that the superconducting state is odd parity dif! odd-parity interaction the gap can be expressed as
to the considerations of Ref. [3]. Note that the simplest® (/- k) = ild/(k) - o], [12]. For unitary states (the
tight binding approximation to the band structure (in which€@S€ considered 2here) the ngj;slzsmartlcle excitations are
the Ru{d.., d,.} orbitals overlap only with neighboring O 9Ven bYE, . = (i + |d;(k)|*)"/* and the gap equation
p- orbitals [9]) indicates that the gaps on theand 3 IS given by
sheets are the same magnitude for odd-parity pairing and vy (k. Kd (k')
we therefore assume that the gaps within this class have ¢,(k) = Z LR, 2 P
the same magnitude. Kl 2By

We consider a model in which the three Fermi sur-

face sheets have densities of states as in Ref. [2]. within weak coupling the transition temperaturefis =
[.13€. exd —1/Amax |, Wherei .« is the largest eigenvalue

of the matrix with components, (N, N;)'/?> andN; is the
density of states of sheét It has been assumed that the
cutoff frequencye,. is the same for all three bands.

The superconducting order parameter ds(k) =
i cl,i,jk,-)?j/<2k,~2>l, which has a six fold degeneracy that
is broken by spin-orbit coupling. The phases stabilized
within weak coupling for the single band version of
this model are the planar and the axial phases; both are
_ _ ) . degenerate within the approximations made above [7,13].
FIG. 1. The vertex leading to the pair scattering amp"tUde.Spin-orbit coupling will prefer one of these two phases

between they sheet and the other two sheets of the Fermi d will fix th . ientati  this ph to th
surface. The effective interaction for any unconventional gag'? Wil Tix the spin orientation of this pnase 1o the crys-

symmetry due to this vertex is small in relation to intrasheettallographic axes, leading to the classification in Ref. [3].
interactions. The quasiparticle excitation spectra for the possible phases

tanhBEyw/2).  (7)
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are described by a gap of constant magnitude, so mamerature exponential decay©f,/T to zero. Note that the
properties will be correctly described by assuming thatdensity of states is split approximately evenly between the
any one of these phases is stabilized. We assume that thesheet and théa, 8} sheets. Consequently, the smaller
Ay, phase, for whichl, (k) = c;(%k, + $k,)/2k2)/2,is  gap lying in either they or {«, 8} sheets gives good agree-
stabilized. The resulting gap equation for the} then  ment with the magnitude of the residual density of states
has the same form as that for isotropic superconductorseen experimentally. To show how the smaller gap mani-
generalized to include the presence of three bands [14]. fests itself in other properties we have calculated the Lon-
The interaction parametes,,, u,, andu remain to don penetration depth and the thermal conductivity in the
be specified. Earlier arguments imply, < maxu,,,u) basal plane (shown in Fig. 2). The London penetration
but the relation betweem,, and u remains unknown. depth is
Hund'’s rule ferromagnetic correlations between the/Ru dre? 1 af(e)  Of(En)
andd,. orbitals may give rise to an increased odd-parity )\ (1) = ame” 1 Zvizk[ flewd _ 9f(Eix }
interaction for the{a, B} Fermi surface sheets. Also, the 2 QG L dex IE x
v sheet is more 2D than tHer, 8} sheets, so fluctuations 9)
may lead to a greater reduction in tiig for the v than
for the {a, B} sheets. These considerations indicate tha
u > uyy, so for illustration purposes we consider this to
be the case (though it cannot be ruled out that > u

hich results from a simple extension of the standard
CS expression to include many bands. The thermal
conductivity in the single band case is derived in Ref. [15]
without a more detailed microscopic model). To showand the suitable generalization to include many bands is

the qualitative behavior of this above model we take the E} ,  Af(Ex)
density of states as measured in Ref. [&],(Ng:N, = ki (T) = =2 T Viik g

0.15:0.3:0.55) and the following values for the interaction Lk Lk
matrix U: uyyuy,:u = 0.09:0.09:1.0 with uNg = 0.630.  with 7,x = 7y,l€;x|/E;x Wherery is the normal state

Tk (10)

Using for the specific heat, relaxation time. This form is valid within the Born
approximation. It has been assumed that there is no
C,, = —2k3,82 ZElk df(Erk) ’ ®) interband scattering and thaf,; = 7y. Note thatrl,k.
‘ T B does not have the same form as that for a conventional

. _ . isotropic superconductor due to the odd-parity coherence
and solving the gap equation yields the gaps and the spesctors [16,17]. In calculating these properties it has been
cific heat shown in Fig. 2. The presence of the small gagissumed that the density of states corresponds to that of a
for the y sheet gives rise to essentially gapless excitationgjean system. However it may be the case that while the
for temperature§’” = |d, (k)| and this can give rise to the |arge gap will remain intact in the presence of impurities
residual density of states observed experimentally. Fofhe smaller gap may be rendered gapless (though there will
temperatures beloyd, |, this gap gives rise to the low tem- stjl| be a coherent pairing amplitude on this Fermi surface
sheet [12]).

We have considered a model in which all the Fermi
surface sheets favor the same superconducting symmetry.
This model has two order parameters of the same sym-
metry [one /) for the ¥y and one ) for the {«, 8}
sheets] and can in principle have a second transition from
a state in which(y, ¥n) = e'?(lei|, =|e2]) to a state
in which time reversal symmetry is brokefy, i) =
e'(|eyl, e'?|e,]) whereg # 0, 7. An examination of the

1.0

0.5

0.0
Ginzburg-Landau coefficients found by a weak coupling

15| analysis shows that the broken time reversal symmetry

phase does not occur in this model. However, as was

Z 10 considered by Leggett for the two band conventional su-
E perconductor [18] and more recently by Wu and Griffin

in bilayer highT. superconductors [19], there will exist a
collective excitation corresponding to fluctuations into the
broken time reversal symmetry phase (fluctuations of the

L L

0.5 1.0 relative phase ofy; andi,). If all orbitals favor the same
T, pairing symmetry then such a mode may appear below the
FIG. 2. Specific heat, London penetration depth, and thermatiNgle particle threshold. This mode is in addition to those

conductivity as a function of temperature. The inset shows thdéhat were predicted to exist due to the odd-parity symme-
magnitude of the gaps, andd;, g as a function off /T.. try in the presence of weak spin-orbit coupling [3]. Itis
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also possible that due to the different symmetry properties[1] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki,
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sufficiently clean samples. Also, within this model a S€CT11] This estimate i€z2)!/2 for a4d,, orbital with an effective
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